ABSTRACT HEL cells, a human erythroleukemia cell line, mainly express the fetal (γ)globin gene and trace amount of the embryonic (ε)globin gene, but not adult (β) globin gene. Here we show that hydroxyurea (HU) can induce HEL cells to express adult (β) globin gene and lead these cells to terminal differentiation. Results showed in Gel mobility shift assays that GATA factors could specifically bind to the regulatory elements of human b-globin gene, including the proximal regulatory element (the -promoter) and the distal regulatory elements (the DNase I hypersensitive sites in the LCR, HS2-HS4 core sequences). However, the DNA binding patterns of GATA factors were quite different between HU-induced and uninduced HEL cells. Western-blot analysis of nuclear extracts from both the uninduced and HU-induced HEL cells revealed that the level of GATA-2 transcription factor decreased, whereas the level of GATA-1 transcription factor increased following the time of hydroxyurea induction. Furthermore, using RT-PCR analysis the expression of human -globin gene in HU-induced HEL cells could be blocked again when HEL cells were incubated in the presence of antisense oligonucleotides for hGATA-1, suggesting that the upregulation of hGATA-1 transcription factor might be critical for the expression of human β-globin gene in HU-induced HEL cells.
INTRODUCTION
Hydroxyurea has been shown to increase the production of fetal hemoglobin (HbF) in some patients with sickle cell anemia and -thalassemia [1] , [2] . However, the molecular mechanisms by which the expression of globin gene is activated and regulated are poorly understood.
The Zinc-finger protein GATA-1 is a lineagespecific transcription factor. It is expressed at high levels in erythroid precursors, megakaryocytes , mast cells and eosinophils [3] [4] [5] [6] , and at lower level in multipotential progenitors [7] [8] [9] .While GATA-2 is expressed in a large number of different cell types, including hematopoietic stem cell, multipotential progenitors, mast cells and endothelial cells [9] [10] . Both GATA-1 and GATA-2 can bind to the consensus sequence (T/A)GATA(A/G) with high affinity. The GATA motifs are widely present in the regulatory regions of the human β-globin gene cluster, including promoters, enhancers and the globin locus control region LCR. These results only provide an indirect evidence that the interactions between GATA factors and GATA motifs may play an important role in regulating the expression of globin genes and cell differentiation. However, it is of interest to reveal how the GATA factors regulate the expression of globin genes during cell differentiation. In this study we use HEL cells as a model to reveal the molecular mechanisms involved in erythroid-specific gene expression and cell differentiation. Our results show that human -globin gene can be expressed in HEL cells induced by hydroxyurea and that GATA1may play an important role in stimulating the expression of human -globin gene in HU-induced HEL cells and cell differentiation. While GATA-2 may probably inhibit the differentiation of HEL cells.
MATERIALS AND METHODS

Cell culture
HEL cells were maintained in RPMI-1640 medium (GIBCO-BRL) supplemented with 10% newborn calf serum, penicillin (50 g/ml), streptomycin (100 /ml) and glutamine (300 g/ml). HEL cells were induced by hydroxyurea (Sigma) at the final concentration of 150 M for 24 h .
The preparation of nuclear protein and total cell extracts
For total cell extracts, cells were lysed in lysis buffer (50 m M TRIS, pH 7.4; 100m M DTT; 1%NP-40; 10% glycerol; 2m M phenylmethane-sulfonylfluoride, PMSF). Cell lysates were clarified by centrifugation for 10 min at 10000 rpm at 4 o C. Nuclear extracts from both the HU-induced and un-induced HEL cells were prepared as described previously [11] , [12] . The protein concentration was determined according to Bradfords s method [13] .
Gel mobility shift assay
Gel mobility shift assays were performed as described previously [14] . The competitive DNA fragments were synthesized by Shanghai Institute of Cell Biology, Chinese Academy of Sciences. The synthesized oligonucleotides used in this study are as follows: (1) The competitor with GATA motif:
5 -CACTTGATAACAGAAAGTGATAACTCT-3 3 -GTGAACTATTGTCTTTCACTATTGAGA-5 (2) The competitor with CACCCC motif:
5 -CTGACCCCACCCCACCCT-3 3 -GACTGGGGTGGGGTGGGA-5 (3) The YY-1 competitor:
5 -CGCTCCGCGGCCATCTTGGCGGCTGGT-3 3 -GCGAGGCGCCGGTAGAACCGCCGACCA-5
The GATA-1 and GATA-2 specific antibodies used in the supershift assays were obtained from Santa Cruz Biotechnology Co. For each sample, 10mg of nuclear extracts was preincubated with 2mg antibody for 1 h at 4 o C prior to incubation with the [γ- 
Preparation of DNA probes
The promoter of human b-globin gene (+20 -112 bp), HS2 core sequence (-10681 -10971 bp), 3 flanking sequence of HS2 core sequence (-10323 -10680 bp), HS3 core sequence (-14991 -14716 bp) and HS4 core sequence (-18586 -18306 bp) were cloned respectively and prepared with restriction enzymes. These probes were labeled with (g-32P)-ATP for Gel mobility shift assays .
Western blot analysis
For Western blotting, protein samples separated on SDS-PAGE gels were blotted to nitrocellulose membranes. The membranes were then blocked with 1%BSA in washing buffer (10 m M Tris.HCl pH 7.6, 150 m M NaCl and 0.1% Tween-20) for 2 h, incubated with monoclonal antibodies specific for GATA-1 or GATA-2 (1:5000 dilution of whole serum) for 2 h, washed with washing buffer for 3 times, incubated with HRP-labeled secondary antibodies (1:200 dilution) for 2 h, washed with washing buffer for 3 times. Finally the membranes were detected with ECL (Amersham).
RT-PCR analysis
The following sense and antisense -oligonucleotides for hGATA-1 and hGATA-2 were synthesized: Sense for hGATA-1, GAGGCTCCATGGAGTTCC; antisense for hGATA-1, G G A A C T C C A T G G A G C C T C ; s e n s e f o r h G A T A -2 , GGCCGGCCATGGAGGTGG and antisense for hGATA-2,
CCACCTCCATGGCCGGCC. Synthetic oligonucleotides (5 μM)
were incubated with HEL cells either in the presence of hydroxyurea (150 M) or in the absence of hydroxyurea for 48 h at 37 0 C. After incubation, total RNA was prepared and RT-PCR assays were performed as described previously [15] .
RESULTS
Identification of the expression of human -globin gene in HEL cells induced by hydroxyurea HEL cells, a human erythroleukemia cell line, express mainly the -globin genes, small amount of (Fig 1, lanes 2-3) . In addition, b-globin gene expression could not be detected in un-induced HEL cells (Fig 1, lane 1) . It is of interest to investigate why HU can induce the expression of human -globin gene in HEL cells and how the erythroid -specific trans-acting factors play their roles. Is GATA-1 transcription factor necessary for human -globin gene switching in HEL cells?
Characterization of trans-acting factors binding to the proximal control element of human -globin gene (the -Promoter)
In order to clarify the molecular mechanisms involved in the expression of human -globin gene in HU-induced HEL cells, The binding of nuclear proteins isolated from both the HU-induced and uninduced HEL cells to the -promoter (+20 -112 bp) was tested by gel mobility shift assays. One shift band (A) could be detected with nuclear extracts from un-induced HEL cells (Fig 2, Lanes 2, 3 and Fig 3, Lane 2) . While, the intensity of band A was dramatically decreased and a new band (B) could be detected with nuclear extracts from HU-induced HEL cells (Fig 2, Lanes 4 , 5 and Fig 3, Lane5) . Gel shift competition analysis was performed using two oligonucleotides containing GATA-binding site or CACCC binding motif. As can be seen in Fig 3, both bands (A and B) couldn t be competed by CACCC competitor (Fig 3, Lanes 3, 6 ) and could be competed by GATA competitor (Fig 3, Lanes 4, 7) , indicating that both bands (A, B) belong to GATA factors.
Characterization of trans-acting factors binding to the DNaseI hypersensitive sites (HS2-HS4 Core DNA sequences) in the LCR The locus control region (LCR) is characterized by at least five DNase 1 hypersensitive sites (HS1-HS5) distributed over 20 Kb 5 of the globin gene and has been found to be essential for high level, tissue-specific globin gene expression. It may also play an important role in hemoglobin switching through the interaction of trans-acting factors with local cis-acting elements. Therefore, the interactions between the DNase 1 hypersensitive sites (HS2 -HS4 core sequences) and nuclear proteins isolated from both the HU-induced and un-induced HEL cells were also examined. We first pay attention to the HS2 core DNA sequence (-10681 -10971 bp) because HS2 functions as a typical enhancer. To identify the nuclear proteins binding to the HS2 core DNA sequence, gel mobility shift assays were performed in which this DNA fragment was used as a probe. With the nuclear extracts from uninduced HEL cells only one band (A1) was observed (Fig 4,  Lane 3) . However, the intensity of band A1 was decreased and a new band (B1) could be seen with nuclear extracts from HU-induced HEL cells (Fig 4,  Lanes 4, 5) , competitive gel mobility shift assay revealed that both bands (A1 and B1) were competed by GATA competitor (Fig 5, Lanes 4 and 7) but not by CACCC competitor (Fig 5, Lanes 3 and 6) .
Furthermore, only one band (A2) was detectable with nuclear extracts from uninduced HEL cells when the 3 flanking sequence of HS2 core DNA sequence (-10323 bp -10680 bp) was used as a probe (Fig 6, Lanes 2 and 3) . However, no band could be seen with nuclear extracts from HU-induced HEL cells (Fig 6, Lanes 4 and 5) . Meantime, competitive Gel mobility shift assay was carried out. Band A2 couldn't be competed by CACCC competitor and could be competed by GATA competitor (Fig 7, Lanes  3 and 4) . We suggest that erythroid-specific factors (bands A1, A2 and B1) binding to HS2 core sequence and the 3 -flanking sequence of HS2 core DNA sequence might be GATA factors.
To determine whether the HS3 and HS4 core sequences (-14991 -14716 bp and -18586 -18306 bp) also participate in regulating the expression of human -globin gene in HU-induced HEL cells, the Gel mobility shift assays were also performed . The binding pattern of nuclear proteins to the HS3 core sequence is very similar to that of the HS4 core sequence. Only one shift band (A3) was visible with nuclear extracts from un-induced HEL cells (Fig 8 Lane 2 and Fig 9, Lane 2) . This band was competed by the GATA competitor (Fig 8, Lane   Fig 8 . 3 and Fig 9, Lane 3) , but not by both CACCC and YYcompetitors (Fig 8 , Lanes 4, 5 and Fig 9, Lanes 4,  5) . Moreover, we observed in the Gel mobility shift assay that the band A3 couldn t be visible and two new bands (B2 and C) could be revealed with nuclear proteins isolated from HU-induced HEL cells (Fig  8, Lane 6 and Fig 9, Lane 6 ). Both bands (B2, C) were competed by GATA competitor ( Fig 8, Lane 7 and Fig 9, Lane 7) , but not by both CACCC and YY-1 competitors (Fig 8, Lanes 8, 9 and Fig 9, Lanes 8,  9 ), suggesting that both bands (B2 , C) are GATA factors. It seems that sequences in the HS3 and HS4 cores may participate in regulating the expression of human -globin gene through interaction with GATA factors.
To further investigate whether GATA-1 factor up-regulation is critical in the induction of humanglobin gene expression in HU-induced HEL cells, supershift analyses using antibody specific to GATA-1 or GATA-2 factor were carried out. We used the synthsized oligonucleotide containing the consensus binding sites for GATA factors as a probe. In EMSAs, A major shift band (D) could be detected with nuclear extracts from un-induced HEL cells (Fig 10, Lane 2) . Although supershift band couldn't be detectable, the band D was partially competed for DNA binding by using monoclonal antibody specific to GATA-2 (Fig 10, Lane 4) , while it couldn't be competed by monoclonal antibody specific to GATA-1 (Fig 10, Lane 3) . Furthermore, using nuclear extracts from HU-induced HEL cells we also detected one shift band (E) (Fig 10, Lane 5) , which was partially competed for DNA binding by antibody specific to GATA-1 (Fig 10, Lane 6 ), but not by monoclonal antibody specific to GATA-2 (Fig 10, Lane 7) . Data showed that DNA binding activity was decreased apparently when the GATA-1 and GATA-2 transcription factors were specifically recognized by and combined with their antibodies.
The levels of GATA factors (GATA-1 and GATA-2) is changeable in HEL cells following the induction of hydroxyurea To investigate the changes in the levels of GATA-1 and GATA-2 transcription factors in both the HUinduced and un-induced HEL cells, western blot assays using GATA-1 and GATA-2 monoclonal antibodies were performed. Results showed that the level of GATA-1 transcription factor in the nuclear proteins of HEL cells increased following the time of hydroxyurea induction (Fig 11, Lanes 2-4) , while the level of GATA-2 transcription factor decreased (Fig 12, Lanes 2-4) , indicating that different GATA family members may play distinct roles in the regulation of -like globin genes expression through the selective interaction with the regulatory elements (including proximal and distal control regions) during development. The expression and activity of different GATA family members may decide the fate of HEL cells.
The transcription factor GATA-1 Is responsible for the expression of human -globin gene in HU-induced HEL cells
To further identify the effects of hGATA factors on the expression of human -globin gene in HEL cells, The sense and antisense oligonucleotides for hGATA factors (hGATA-1 and hGATA-2) were synthesized. Western-blot analysis with nuclear extracts isolated from HU-induced HEL cells was carried out. Our results revealed that the level of hGATA-1 factor was decreased when HEL cells was incubated with antisense nucleotide for hGATA-1 (Fig 13a, Lane 1) , while no change was detected with sense oligonucleotides for hGATA-1 (Fig 13a, Lane  2) . These data also demonstrated that hGATA-1 factor activity correlated with the expression of human -globin gene in Hu-induced HEL cells. In addition, western-blot assay with nuclear extract prepared from un-induced HEL cells revealed that the level of hGATA-2 protein was decreased, when HEL cells were incubated with antisense oligonucleotide for hGATA-2 (Fig 13b, Lane 2) , whereas the level of hGATA2 protein was unchanged with the sense oligonucleotide for hGATA-2 (Fig 13b, Lane 3) .
Using RT-PCR analysis, data showed that the human -globin gene couldn t be expressed in uninduced HEL cells (Fig 14, Lane 1) . While it could Zhang SB et al be expressed in HU-induced HEL cells (Fig 14, Lane  2) . Furthermore, antisense oligonucleotide for hGATA-1 could block the expression of human bglobin gene in HU-induced HEL cells (Fig 14, Lane  4) , suggesting that hGATA-1 really play a key role in the expression of human b -globin gene. Meantime, There was no detectable effects on the expression of human -globin gene with sense oligonucleotide for hGATA-1in HU-induced HEL cells (Fig 14, Lane 3) . In addition, both sense and antisense oligonucleotides for hGATA-2 couldn t induce the expression of human b-globin gene in un-induced HEL cells (Fig 15, Lanes 3, 4) . Our data showed that hGATA-2 factor might be unresponsive to the expression of human -globin gene in HEL cell.
These results further confirm that different members of hGATA factors may play different roles during the differentiation of erythrocytes. hGATA-1 may stimulate the expression of human -globin gene and lead HEL cells to terminal differentiation. While, hGATA-2 may be related to the expression of embryonic globin genes and cell proliferation.
DISCUSSION
The human b-like globin gene cluster contains five developmentally regulated genes in the order 5 , G , A , , , which are successively expressed as the site of erythropoiesis shift during development. The entire region is controlled by the locus control region (LCR) located 6-22 Kb upstream of -globin gene. The LCR is characterized by five DNase 1 hypersensitive sites (HS1-HS5) [16] [17] [18] [19] . It has been shown that LCR may play an important role in the regulationof developmental stage-specific -globin gene expression and that the expression of human b-like globin genes may be cooperatively regulated by the 5 -flanking cis-acting elements, locus control region (LCR) and erythroid specificfactors [20] [21] [22] .
Both GATA-1 and GATA-2 are lineagespecificfactors. Knockouts of the lineage-restricted transcription factors lead to a selective loss of the relevant hematopoietic lineage in the animal, Gene targeting in embryonic stem cells and mice has demonstrated that GATA-1 is essential for maturation of erythroid precursors, and megakaryocytes [23] [24] [25] . GATA-1-embryos die by E10.5 due to extreme anemia. While GATA-2 null cells exhibit a broad hematopoietic deficit [26] , [27] . Although the technique of gene knockout has provided a very useful tool to study the function of lineage-specific factor, some limitations still exist. If loss of function blocks lineage selection or maturation at an early stage, the study of later developmental events is compromised. In addition, the precise molecular mechanisms by which these regulatory events are achieved remain to be defined. Recent evidence revealed the effects of over-expression of GATA transfactors on endogenous globin genes in the stably transfected K562 cell lines: GATA-1 could decrease the expression of GATA-2 and -globin genes , while GATA-2 could increase the expression of -and -globin genes and has no effect on GATA-1 [28] .
HEL cells, a human erythroleukemia cell line, mainly express fetal ( ) globin gene and trace amount of the embryonic ( ) globin gene, but not the adult ( ) globin gene. We have used HEL cells as a model to elucidate the molecular mechanisms of globin gene expression in these cells. Our data demonstrate that treatment of HEL cells with hydroxyurea leads to the expression of human -globin gene. Of particular interest are the trans-acting factors regulating the expression of human -globin gene during the induction of hydroxyurea. Using western blot assay, we demonstrated that the expression of GATA-1 gene was upregulated, whereas the expression of GATA-2 gene was gradually down-regulated following the time of HU-induction. Based on both the competitive EMSA and the western blot assay, our data revealed that the nuclear protein made from uninduced HEL cells, which could specifically bind to the proximal regulatory element (the β-promoter) and the distal regulatory elements (including HS2, HS3 and HS4 core sequences) of human β-globin gene, was mainly GATA-2. However, the nuclear protein isolated from HU-induced HEL cells, which could specifically bind to the -promoter and HSs (HS2, HS3 and HS4 core sequences) in the LCR, was mainly GATA-1, indicating that the selective interactions between regulatory elements (including proximal and distal control regions ) of human β-globin gene and GATA transcription factors (GATA-1 and GATA-2) might play an important role in the regulation of human β-globin gene expression in HEL cells. In addition, two GATA factors detected in the nuclear proteins from HU-induced HEL cells, binding to both the HS3 and HS4 core DNA sequences, were mainly GATA-1 and GATA-X (a kind of unknown GATA factor). We suggest that GATA-X may activate the expression of human b-globin gene as GATA-1 in HU-induced HEL cells. It appears that the core sequences of HSs (HS2, HS3 and HS4 ) in the LCR cooperate with the proximal β-promoter, to activate and maintain the expression of human β-globin gene through interaction with GATA-1 factor in HU-induced HEL cells, meantime , the structure of chromatin in the LCR or the β-promoter may exhibit changeable active patterns (including the array of nucleosomes , the binding of transcription factors to nuclear matrix and chromatin remodeling activities).
In addition, further evidence was provided by using antisense hGATA-1 oligonuclotides, which could block the expression of human b-globin gene again in HU-induced HEL cells, suggesting that hGATA-1 factor might play a critical role in the expression of human -globin gene in these cells. Furthermore, Previous studies have been shown that HS3 may be related to the regulation of -globin gene expression during the embryonic period, while HS4 may play a major role in the expression of bglobin gene [29] . However, our data show that HS3 may be also related to the expression of human bglobin gene in HU-induced HEL cells.
Taken together, the results presented here should provide some important clue to the molecular mechanisms involved in regulating of the expression of human β-globin gene in HEL cells. Our data suggest that GATA-1 transcription factor may play a central role in the expression of β-globin gene in HU-induced HEL cells and leads these cells to terminal differentiation. While, hGATA-2 may be related to the expression of embryonic globin genes and cell proliferation.
